Population biology has been studied in few species of cycads, and these studies have focused on adult demography. We investigated all life-history stages, including seed germination and recruitment, of Zamia amblyphyllidia over 3 yr in Cambalache Forest, Puerto Rico, and constructed stage transition matrices from our field data. We found two distinct stages in seed germination: radicle emergence and, 1-7 mo later, leaf emergence. Seeds released from cones early, before the onset of the dry season, germinated faster but suffered greater mortality during the first dry season than seeds released 2 mo later. However, after 3 yr both early and late seed cohorts had similar survivorship (2%-3%). We categorized plants to be seedlings, juveniles, or adults based on the number of leaflets on the longest leaf, as cone production was almost nonexistent among plants with l10 leaflets. Most "adults" did not cone over the 3 yr of the study. Despite low probability of coning among females, low fecundity of coning females, and low recruitment of seedlings to juveniles, the population was projected to have a finite rate of increase, X, of nearly 1.0. High annual survivorship of adults, combined with episodic coning, appears to account for the persistence of Z. amblyphyllidia populations.
Introduction
The demographic properties of an increasing number of plant species have been investigated using population projection matrices, permitting interspecific comparisons of life histories (Piiiero et al. 1984; Pinard and Putz 1992; Silvertown et al. 1993 ) and enabling conservation research to focus on critical life-history stages (Schemske et al. 1994) . However, no such investigations have been made for any cycad species, which are of interest because of their dioecy, longevity, length of cone and seed development, episodic coning, and large seeds (Chamberlain 1935; Jones 1993) . Most previous studies have focused on sex ratios and comparative coning patterns of male and female cycads (Clark and Clark 1987; Tang 1990) or on seed dispersal and predation (Ballardie and Whelan 1986; Tang 1989; Negron-Ortiz and Breckon 1989a) . Vovides (1990) constructed a life table for Dioon edule, but the age determinations were imprecise. To our knowledge, no stage-based model of population growth has been published for any cycad.
Stages that have received little attention in previous studies are seed germination, seedling survivorship, and recruitment to mature stages. Several authors investigated the germination of cycad seeds in response to different horticultural treatments (Dehgan 1980; Dehgan and Shutzman 1983; Vorster 1988; Kraa 1989; Doughty 1991) , but there are few field studies on cycad seed germination and survival. Here we describe the stages of germination of Zamia amblyphyllidia seeds in their natural environment and investigate how the timing of seed release and the number of seeds per cone affect germination and seedling survival. We also ' Author for correspondence and reprints.  E-mail negronv @ servms.fiu.edu. identify the criteria that distinguish different life-history stages and quantify the patterns of survivorship and fecundity that characterize each stage. We use demographic data from a 3-yr period to project the growth rate of the population, using stage-transition matrices, and explore the sensitivity of this projection to the various demographic parameters. Finally, we calculate the elasticities of these parameters and compare these with patterns reported for angiosperms and conifers of different life-history categories (Silvertown et al. 1993 ).
Material and methods

STUDY SITE AND SPECIES DESCRIPTION
The study was conducted in the Cambalache Commonwealth Forest in the municipality of Arecibo on the north coast of Puerto Rico ( fig. 1 ). The forest occurs on limestone hills, which are part of the Aymamon limestone formation, consisting primarily of tower karst (Monroe 1976) . Average annual rainfall is between 1400 and 1500 mm and is sea- Zamia amblyphyllidia has pinnately compound leaves and a fleshy underground stem ( fig. 2 ). Pollination occurs from mid-January through mid-February. Fungus gnats (Mycetophillidae) and beetles are common visitors to the cones, and circumstantial evidence indicates that they are pollen vectors (V. Negr6n-Ortiz and G. Breckon, personal observation).
The seeds mature 7-13 mo following pollination (NegronOrtiz 1987) . Seeds are released when spreading of the sporophylls causes disarticulation of the female cone. Seeds are typically deposited in a cluster next to or underneath the maternal plant ( fig. 3) . The seeds have a fleshy outer layer (sarcotesta) and a hard inner layer (sclerotesta). At the time of seed release, the epidermis of the sarcotesta is bright red. Introduced rats, Rattus rattus Fischer or Rattus norvegicus Fischer, are apparently the major contemporary agents for dispersal (Negron-Ortiz and Breckon 1989a) ; rodents that were probably important seed dispersers in the past are now extinct.
As discussed in Negron-Ortiz and Breckon (1989b) , there still remain some unresolved nomenclatural and taxonomic problems for the Caribbean zamias. The studied population would be treated as Zamia latifoliolata Preneloup in Britton and Wilson (1925) as Zamia debilis L.f. in Liogier and Martorell (1982) , as Zamia pumila L. in Eckenwalder (1980) and as Z. amblyphyllidia D. Stevenson in Stevenson (1987) . For now we will use the current specific epithet, Z. amblyphyllidia. More detailed description of the study site and species are given in Negr6n-Ortiz and Breckon (1989b) and NegronOrtiz (1987) .
SEEDLING GERMINATION AND DEMOGRAPHY
We selected a site on a very gradual slope having a high density of Zamia to monitor seed removal (Negr6n-Ortiz and Breckon 1989b), germination, and survivorship of seeds and seedlings. Within the site, 19 female plants with a total of 20 cones having mature (red) seeds were selected on January 6, 1982, (cohort A); these had a total of 529 seeds (X = 27.8, SD = 18.0, range 7-87). A second group of 20 females (20 cones) with later maturing seeds (cohort B) was selected within the same site on March 9, 1982; these had a total of 604 seeds (X = 30.2, SD = 20.3, range 6-79). At the time the plants were selected, the cones either were beginning to disarticulate or disarticulated when touched. We mimicked natural cone disarticulation and seed release by breaking apart these mature cones by hand. After breaking up the cones, the location of each fallen seed was marked with wire. A circular "seed plot" was established around the marked seeds of each plant; these ranged from 15 to 45 cm in diameter, depending on the number of included seeds, proximity of other zamias, and the topography resulting from outcrops of the dog-tooth limestone. whether mortality occurred at pregermination, germination, or seedling stage); and (6) nonviable seeds no radicle emerged after several months. Once the individual was scored as dead, it was removed from the plot. When a seed was no longer within the plot it was scored "missing" as it may have been dispersed or eaten. These individuals were treated as "right-censured," i.e., alive at the previous census and date of death unknown (Fox 1993) . Seedlings alive at the last census (April 1985) were also treated as right-censured.
For each cohort of seeds, life-table statistics were estimated along with their standard errors by SAS procedure LIFETEST (SAS Institute 1989). We report the cumulative survival function (proportion of individuals alive in each time interval) and the hazard function or conditional mortality rate (the probability an individual will die in an interval given that it was alive at the beginning of the interval [Fox 1993] ). For these analyses we used only one census date per month, generally that closest to the middle of the month. In one plot (A-2), 21 of 33 seeds failed to germinate and were apparently inviable; these seeds were excluded from all analyses. In other plots, a few seeds failed to germinate, but these showed signs of fungal or insect attack and were considered viable seeds killed on the date the damage was observed.
We tested whether the survival distribution of cohorts A and B were equal using the X2 approximation to the Wilcoxon test (Fox 1993) . Two comparisons were made between cohorts: one based on census date and the other on age (where age = 0 was the date of cone break-up). In this latter comparison, 2 mo were subtracted from the census month for cohort B. 
POPULATION PROJECTION
We recognize five stages in the life cycle of Z. amblyphyllidia: seeds, seedlings, juveniles, nonconing adults, and coning adults. Although we could not distinguish males and females in the absence of cones, we assumed each individual remains the same sex throughout its life because we never observed sex change in wild or cultivated Z. amblyphyllidia; also, sex change was never observed among 114 Zamia pumila individuals over 8 yr (Tang 1990) . Plants were considered adults if they coned at any point during the study or if they had >10 leaflets on the longest leaf on the census date. This criterion was based on our finding that, with one exception, individuals with 10 or fewer leaflets never bore cones (table 1). Adults were classified as "coning" if they bore a cone produced in the census year.
Based on the life cycle, we modeled population growth using stage transition or Lefkovitch matrices. Such stagebased matrices are more appropriate than the age-based Leslie matrices for populations where demographic patterns depend more on an individual's size or stage than its chronological age (Caswell 1989) . Each element a matrix reflects the probability of an individual in stage j being alive and in stage i 1 yr later or, for reproduction, the average number of offspring produced by an individual presently in stage j that are alive 1 yr later. We modeled reproduction as a "birth-pulse" process with prebreeding census (sensu Caswell 1989). We constructed two transition matrices for this Zamia population, one for October 1982-October 1983 and one for October 1983-October 1984. We used data for October because this is a time when developing cones are usually present.
Elements of each matrix were parameterized based on field data. Because we were unable to sex the prereproductive life-history stages, we modeled the survival and transition probabilities of these stages as equivalent between males and females. Because we lacked data on the effects of sex ratio or male cone abundance on seed production, we modeled seed production as a "female-dominant" process (Caswell 1989; Cipollini et al. 1994) , where the average fecundity of females was independent of the number of males. Seeds were assumed to be produced at 1: 1 sex ratio based on the even sex ratio of 49 wild-collected seeds grown in cultivation (24 male, 21 female, four sterile after 11 yr).
PARAMETER ESTIMATION
Fecundity of coning females was calculated as the product (average cones per coning female) x (proportion of cones producing seeds) x (average number of seeds per seed-bearing cone). Developing cones present in October of 1 yr, if pollinated, would bear seeds 1 yr later, these seeds would The seedling-to-seedling transition probability was varied in a complementary way, so that the sum of these two probabilities remained = 0.385, the observed survival probability.
The arrow indicates the value used in subsequent analyses.
disperse and germinate over the second year. Because the study ended before seed number could be determined for those cones that were developing in October 1983, we used the average seed number for the October 1982 cones for both matrices. Similarly, because none of the five females coning in 1983 coned again in 1984, we set the probability for this transition at the arbitrarily low level of 0.001 rather than 0 and reduced the probability of transition from coning to nonconing females by 0.001. Substituting 0 or 0.005 for this value changed the resulting X less than 0.0001.
In the calculation of the transition probabilities involving nonconing adults, we divided the adults that failed to cone during the study (n = 152) into "nonconing males" and "nonconing females" in a proportion (44.1% male, 55.9% female) that brought the overall adult sex ratio to 1: 1. We considered this the most parsimonious way to treat these individuals, given that we have no evidence for differences between sexes in adult mortality. Mortality and stage transition events of these nonconing adults were distributed to nonconing males and nonconing females in the above proportion. In the calculation of each matrix element involving nonconing adults, field data from nonconing adults "assigned" to one sex were pooled with data from the adults known to be of that sex that did not cone that year.
ANALYTICAL PROPERTIES OF THE MATRICES
For each matrix, we analyzed the long-term (or asymptotic) dynamics by eigenvalue and eigenvector analysis (Caswell 1989), using MATLAB (MathWorks, Inc., Natick, Mass.). Ordinarily, in such analyses the largest positive eigenvalue (root), X, dominates the long-term dynamics and is equal to the population's finite rate of increase. However, our transition matrix was "reducible," i.e., there existed some stages that could not contribute to certain other stages: in this case, males could not contribute to the female stages or to male seeds. Because of this reducibility, the projection of the population depends on the initial conditions, e.g., the sex ratio, and each eigenvalue is associated with one of the two submatrices (Caswell 1989) . For each of our two matrices, X, was an eigenvalue from the submatrix corresponding to the male portion of the life cycle (the last five rows and columns of the matrix) and, hence, reflected the longterm dynamics of an all male population (gradual decline).
Iterative projection of populations by the matrix confirmed that X, equaled the finite rate of increase of an all male population and approximated that of males in a mixed population. Because the matrix was reducible we analyzed the submatrix corresponding to the female portion of the life cycle (the first five rows and columns), which was irreducible. For the matrix of each year, X, of the female submatrix was the second largest eigenvalue of the entire matrix. Iterative projection revealed that this X, described the long-term dynamics of both an all-female population and of females in a mixed population.
We obtained the stable stage structure as the right eigenvector (w) corresponding to this root, scaled so that the elements summed to 1, and reproductive values of the stages as the corresponding left eigenvector (v), scaled so that seeds had reproductive value of 1 (Caswell 1989). To determine how sensitive our estimate of X was to our estimate of each element aii of the matrix, we calculated the "sensitivity m trix" as the product of these left and right eigenvectors (vw) (Caswell 1989) . Because a change of like magnitude is proportionally smaller for a large element (e.g., fecundity), we also calculated the "elasticity" (proportional sensitivity) of X with respect to each aii as the product of aii and its tivity, divided by X (de Kroon et al. 1986 ). Elasticities are also interpreted as estimates of the contributions of the a 's to X (and fitness) and hence in some sense their "importance" (de Kroon et al. 1986 ). To allow comparison to patterns among species described by Silvertown et al. (1993) , we followed their protocol for summing the elasticities of the transitions that corresponded to (1) growth, (2) survival, and (3) fecundity.
Results
Germination did not occur until a minimum of 17-20 d after the sarcotesta was lost (eaten, decomposed, or desiccated). The temporal pattern of cumulative germination differed between the cohorts, even after adjusting for the 2-mo difference in cone breakage (Kolmogorov-Smirnov test, Dm,x = 0.249 P < 0.01). The early cohort A had greater germination in the month immediately following cone break-up. In both cohorts, most germination occurred during a 6-8 wk period at the beginning of the rainy season: in May and June for cohort A and in June and July for cohort B. For the majority of cohort A, the first leaf emerged between June and January, while in cohort B, first leaf Note. Each pair of rows corresponds to death or survival through a portion of the seed-to-seedling transition; number (n) of seeds sums to that of the preceding line.
emergence was between August and January. Seedlings would often lose their leaves and remain dormant until the rainy season.
In each cohort about one-third of the seeds were either eaten or dispersed (table 2) 
PROJECTED LONG-TERM DYNAMICS OF THE POPULATIONS
For both years, the finite rate of increase (X) was 
ANALYTICAL PROPERTIES OF THE FEMALE SUBMATRICES
The stable stage distributions derived for both matrices had a predominance of adults and a low frequency of coning (table 6 ). In comparison, the actual stage structure observed in 1983 had proportionately more seeds and seedlings and fewer adults. Seeds and seedlings were particularly infrequent in the stable stage distribution derived for the 1982-83 matrix because of the low fecundity value in that matrix.
Reproductive values were much higher (>2 orders of magnitude) for adult females than for younger stages (table 6 ). This reflects the low probability of recruitment to the adult stage combined with the very high likelihood that an adult will continue to survive and occasionally reproduce. Interestingly, the reproductive value of coning females was only slightly higher than that of nonconing females; this is attributable to the very low probability of a female remaining in the coning class in consecutive years.
Sensitivity analysis revealed that our estimates of X were most sensitive to variation (or errors) in the probabilities of a nonconing female becoming a coning female or remaining as nonconing (table 7) . Estimation of X was also sensitive to variation in the probability of juveniles recruiting to adult stages but was relatively insensitive to variation in fecundity, seed and seedling survival, juvenile recruitment ( fig. 6 ), and the dy- 1990) experiments suggest that dehydration, rather than herbivory or depletion of reserves, was the main source of seedling mortality in Dioon edule.
Other workers have found differences in seed survivorship depending on the time of release (Baskin and Baskin 1972; Kalisz 1986; Willson 1983) . The lack of replication makes it difficult to determine whether the difference in survival between the two groups (3.3% vs. 2.4%) is of importance.
The "nonviable" seeds were not noticeably different in morphology from the viable seeds, although some appeared to be at the small end of the size range.
The complete failure to germinate of one cone's seeds may have been due to intrinsic inviability. Full-size seeds containing no embryos have been reported for the cycads Encephalartos transvenosus (Grobbelaar et al. 1989) , Dioon edule, and some species of Zamia (Landry 1990) . Fungal attack and predation by insect larvae in a few of the nonviable seeds in the piles were observed, but no attempt was made to determine if disease, predation, or lack of embryo were a cause or a result of germination failure. Table 7 SENSITIVITY MATRICES FOR 1982 -83 AND FOR 1983 tion of "adults" coning each year (30%, 10%, and 4%) compares with 14% reported for a population further east in Puerto Rico in 1981-82 (Newell 1983) , although that included a 2-yr production of female cones. Over the 3 yr of our study, 37% of the adults coned at least once. In an 8-yr study of south Florida
Zamia pumila, 87% of nonseedlings coned at least once (Tang 1990) . For Zamia skinneri, 26% of adults in primary forest-produced cones during a 6-yr study, compared with 73% in secondary forest where light levels were higher (Clark and Clark 1987) . Within any 1 yr, the proportion of individuals coning ranged from 0% to 19% (primary forest) or 61% (secondary forest). Similarly, for three Australian cycad species, Ornduff (1989 Ornduff ( , 1990 Ornduff ( , 1991 reported low proportions of putative mature plants coning in a given year. For both males and females, the proportion of in- Table 8 ELASTICITY MATRICES FOR 1982 -83 AND FOR 1983 Even for those adults that regressed to juveniles, most (11 of 13) declined only from a maximum of 11-14 leaflets on the longest leaf to a minimum of eight to 10 during the study. Another line of evidence that leaflet number is an indicator of stage is its correlation with number of leaves on the plant (Negron-Ortiz 1987). In two Australian cycads, the number of leaves was greater for coning than nonconing individuals and was used as the criterion for distinguishing mature from immature plants (Ornduff 1990 (Ornduff , 1991 .
We hypothesize that the stress that caused the reduction in leaflet number on many plants over the 2 yr of the study, as well as the increases in mortality and reductions in coning, was related to drought. In both 1982 and 1983, rainfall throughout Puerto Rico, including that recorded at the station closest to Cambalache Forest (Dos Bocas), was below normal, with January-March 1983 extremely dry (<8 cm total; National Oceanic and Atmospheric Administration 1983 Administration , 1984 . Alternatively, the low proportion of individuals coning in 1983 and 1984 may be due to "mast" coning in 1982, when a large proportion of adults coned, associated with a depletion of stored reserves due to cone production in these individuals.
It would be desirable to test our assumption that survival and stage transition probabilities of prereproductive stages are equal for males and females. It is most critical to test this for the transition from juvenile to adult, as our estimates of A are more sensitive to this than to transitions among the prereproductive stages. Our finding that males greatly outnumber females among adults with few leaflets (table 1) indicates that males first cone at a younger age and smaller size than females. If true, females would be expected to have a greater accumulated risk of mortality before they first reproduce. The male-biased sex ratio among adults with fewer leaflets has also been reported in Z.
skinneri and interpreted as indicative of earlier reproduction in males (Clark and Clark 1987) . Tang (1990) found disproportionately more reproductively active Z. pumila males than females in lower leaf-number classes but no significant difference in leaf number between males and females. Ornduff (1989 Ornduff ( , 1990 Ornduff ( , 1991 reported that coning males and females generally did not differ in leaf number in three Australian cycads. In our random transects (but not permanent plots), males averaged fewer leaves than did females (Negron-Ortiz 1987) .
Although about half of the individuals in the population were adults, the proportion of these producing cones varied greatly from year to year. If the proportion of females coning remained as low as it was in 1983 or 1984, the population would decline, even if recruitment of juveniles was increased by more than one order of magnitude. During its decline, a population in which such low rates of coning were maintained would also reach a stable stage distribution with fewer seeds and seedlings than we observed. Populations are probably able to persist because of periodic increases in the proportion of adults coning, i.e., mast coning. Sensitivity analysis revealed that X was much more sensitive to changes in the proportion of females coning than it was to fecundity or demographic parameters of prereproductive stages. However, even an increase in the proportion of females coning to 50% was insufficient to bring A above 1.0, unless accompanied by an increase in another parameter.
Our finding that A was most sensitive to the proportion of adult females coning was markedly different than the pattern found for the palm Astrocaryum mexicanum (Pifiero et al. 1984) , where A was most sensitive to estimates of growth and survivorship of prereproductive individuals, or for the perennial tropical herb, Calathea ovadensis, where A was most sensitive to rapid growth of seeds and seedlings (Horvitz and Schemske 1995) . The sensitivity of A to the coning behavior of adult females results from their very high reproductive values, which in turn is attributable in large part to their very high year-to-year survival rate, making numerous reproductive seasons probable.
The very high sum of elasticities associated with survival (stasis and retrogression), and very low sums of elasticities associated with growth and fecundity, matches the pattern found for many woody plants, particularly those of forests, and contrast with those of most herbs (Silvertown et al. 1993 ). This indicates that Zamia is similar to many trees in that its population growth rate depends more on survival than on growth or fecundity. We predict that this pattern will hold for other cycads as well.
These analyses highlight the importance of the high annual survival rates of adults to the persistence of Zamia populations. With such high adult survival, popu-lations decline very slowly even when coning, fecundity, dry-season seedling survival, and juvenile recruitment are all low, as they were 1982 to 1984.
Occasional episodes of mast coning would provide sufficient recruitment to allow such populations to persist.
